Ab initio wave-function-based methods are employed for the study of quasiparticle energy bands of zinc-blende ZnS, with focus on the Zn 3d "semicore" states. The relative energies of these states with respect to the top of the S 3p valence bands appear to be poorly described as compared to experimental values not only within the local density approximation (LDA), but also when manybody corrections within the GW approximation are applied to the LDA or LDA+U mean-field solutions [T. Miyake, P. Zhang, M. L. Cohen, and S. G. Louie, Phys. Rev. B 74, 245213 (2006)].
I. INTRODUCTION
The accurate ab initio treatment of many-body effects in the ground and excited states of solids remains a challenging problem in physics. For the ground-state (GS) properties of periodic systems reliable ab initio methods are at present available. Two different formalisms can be distinguished: approaches based on Kohn-Sham (KS) density functional theory (DFT) 1 and methods which rest on explicitly computing many-body wave functions (WF's) 2, 3 , by means of quantum chemical techniques 4 . The accuracy achieved by the two types of methods for the GS properties is often comparable. For the case of energy bands and excited states, however, the results obtained by KS-DFT and WF-based approaches are different. Although DFT formally is a GS theory, it has been commonly employed in the computation of energy bands, i.e., excited states, and in some cases yields surprisingly good results, e.g., when hybrid density functionals or exact exchange schemes are utilized.
Nevertheless, a rigorous justification for assigning the KS eigenvalues or KS energy differences to excitation or quasiparticle energies of correlated electron systems is still to be given.
Since there is no solid basis for such an extension of GS KS-DFT, when inaccurate or wrong excitation energies are obtained, they can not be improved in a systematic and controlled manner.
The widely used local density (LDA) 5 and generalized gradient approximations (GGA) 6 to the KS-DFT provide a rather poor description for binding energies and band gaps of semiconductors and insulators. The self-interaction error introduced with the LDA or GGA potential and the absence of discontinuity in the exchange potential have been identified as the main reasons for that. The incomplete cancellation of the self-interaction in LDA or GGA is also regarded as a major cause for the underestimation of the binding energies of "semicore" d states in systems such as the II B -VI A semiconductors [7] [8] [9] . An accurate ab initio description of the electronic structure of these seemingly conventional sp semiconductors has appeared to be a rather difficult task.
Numerous refinements of KS-DFT have been suggested to enable the treatment of manybody effects in correlated electron systems. Many-body corrections to the KS mean-field eigenvalues as obtained within the GW approximation 10 to the self-energy often yield good agreement between theory and experiment with respect to the band gaps of various group-IV and III-V semiconductors. The GW approximation is established as the standard method for calculating quasiparticle energy bands in those materials. It does fail, however, to describe complex many-body effects in d-electron systems such as the II B -VI A compounds 7, [11] [12] [13] [14] . The quasiparticle energies of the d states, for example, are about 2.0 eV higher than the experimental values 15, 16 . This result remains the same when the mean-field LDA+U 17 Hamiltonian is utilized 7 as a basis for the GW treatment 87 . The problems were attributed to the self-interaction errors, still present in the standard GW approximation 18 .
It has been argued that determining self-consistently the optimum mean-field Hamiltonian rather than utilizing the LDA (+U ) would largely improve the description of quasiparticles within the GW approximation 19 . Indeed, the self-consistent GW method of Kotani et al. 19 yields in the II B -VI A and III B -V A compounds d-state quasiparticle energies in good agreement with experimental values, i.e., deviations of at most 0.8 eV are observed. Yet, the approach overestimates systematically, although by little, the band gaps. This was attributed to the lack of excitonic effects in the dielectric function.
Methods which treat the exchange energy within the exact exchange (EXX) scheme and are thus considered to be self-interaction free have been developed as well. For example, the full-potential EXX KS-DFT calculations of Sharma et al. A different approach to energy bands in periodic systems is based on ab initio WF methods. Their major virtue is the use of well-defined and controllable approximations. Converged results for binding energies, lattice parameters, and band gaps can be here achieved by systematic improvement of the many-body wave function 3 . The disadvantage of those formalisms is the larger amount of work involved as compared to the DFT-based calculations. The large computational effort is related to the physics of the problem. When an electron is added to a conduction-band or removed from a valence-band state of a semiconductor or insulator, the correlation hole of the extra particle (hole) is long-ranged because of polarization and relaxation effects. The corresponding quasiparticle, i.e., the particle plus its correlation hole, is moving in form of a Bloch wave through the system. The computation of the energy dispersion associated with the quasiparticle requires an accurate description of the correlation hole. The latter differs considerably from the correlation hole of an electron in the ground state for which the correlations are of van der Waals type and do not involve long-range (LR) polarizations. The different nature of the correlation holes in the groundand (N±1) states is simply ignored in the DFT methods and hence the large computational effort is avoided. Taking into account this difference is essential for the correct determination of energy bands and gaps.
In contrast to ground-state calculations [22] [23] [24] [25] [26] [27] [28] [29] , energy band calculations based on quantum chemical methods are still limited to non-metalic systems [24] [25] [26] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . They rest either on second-order Møller-Plesset theory (MP2) [30] [31] [32] [33] , coupled-cluster (CC) techniques 34 or effective local Hamiltonian (LH) [35] [36] [37] [38] 43, 44 approaches. Some of these formalisms make use of the local character of the short-range part of the correlation hole 25, 26, 32, 33, [35] [36] [37] [38] [39] [40] [41] [42] , utilizing thereby local operators 2,3 related to sets of real-space, localized orbitals. The localized orbitals are either derived by means of various localization procedures [45] [46] [47] II. THEORETICAL FRAMEWORK
Quasiparticle energy bands
The correlated quasiparticle valence-and conduction-band energies of periodic (closedshell) systems are defined as 2,35-38,43
where E N 0 is the energy of the correlated ground state of the neutral N-electron crystal and E N +1 
where ν is a band index, and σ and k are the spin and momentum of the (N +1) state. The wave operator Ω in a coupled cluster formulation is given by Ω = e S , where S is a scattering 
where N 0 is the total number of unit cells and α νn (k) is the structure matrix 3 . The local operator w † R I nσ creates an electron in a real-space localized conduction-band Wannier orbital (WO) |w nσ (R I ) of index n, centered at a site defined by the lattice vector R I in unit cell 
where when correlations are strong. In principle, the correlation treatment can be facilitated by the method of increments, where the total correlation energy is assembled from contributions originating from selected groups of localized orbitals 24, 27, 65 .
The scattering operator S is given by a selected set of excitation operators, see, e. g.,
Refs. 2, 3. For relatively weakly correlated systems, a reasonable ansatz for S includes one-and two-particle excitations which generate the correlation hole of the added particle, i.e., the relaxation and polarization cloud, and account for the loss of ground-state correlations 2,3,35,36 .
Computation of the matrix elements of H ef f
To obtain the correlation corrections to the matrix elements of H ef f , H 0n ′ ,R I n − H scf 0n ′ ,R I n , we calculate the short-and long-range part of the correlation hole of an added electron or hole. The short-range (SR) part of the correlation hole consists of intra-atomic and SR interatomic relaxation and polarization. This response of the nearest surroundings is determined by means of SCF orbital optimizations for a finite cluster around the extra electron or hole set into a conduction-band or valence-band WO. The WO hosting the added particle is kept frozen in the SCF calculation 66 for the (N ∓ 1) excited state, which is referred to as the frozen local hole (electron) approximation 35, 67 . In first-order perturbation theory, the SCF orbital relaxation corresponds to single-particle excitations around the frozen WO, states, since in the latter some excitations are blocked. To account for such effects, the conduction-band WO's to which an extra electron is attached and the valence-band WO's out of which an electron is removed are always kept singly occupied in the SDCI wave functions. To treat in a unified manner both valence-and conduction-band states and to avoid spurious charge flows within the finite cluster C, the infinite frozen crystal environment of C is explicitly incorporated in the calculations. The effect of the electrons in the localized occupied orbitals of the environment E on the electrons in the localized orbitals of C is subsumed in an effective one-electron potential V emb , see, e.g., Refs. GTO basis sets of triple-zeta quality augmented with polarization functions are applied in our study for the S atoms. We employed the 86-311G* GTO basis set of Lichanot et al. 
IV. CORRELATION EFFECTS ON THE BAND STRUCTURE OF ZINC-BLENDE ZNS
A. HF band structure
The HF band structure of ZnS, computed with the triple-zeta GTO basis sets described in Sec. III, is shown in Fig Various incremental contributions to the short-range correlation-induced corrections to the diagonal matrix elements of the local Hamiltonian H scf 0n ′ ,R I n are obtained by using different, properly designed clusters. Each embedded cluster C is designed such that a groundstate HF calculation which includes in the SCF optimization only the projected WO's in the C A region leads to changes in the total HF ground-state energy of less than few tenths of meV. This demonstrates that the projected WO's centered within the C A region are practically identical to the original crystal WO's and that the embedding potentials were properly constructed. In other words, the HF description of those finite clusters is indeed equivalent to the HF description of the periodic crystal. (N − 1) electron states amount to -4.04 eV, see the fourth and fifth columns in Table I . Orbital relaxation and polarization at the NN S sites are also substantial, -2.91 eV, see Table I . Relaxation and polarization within the first zinc coordination shell of the central Zn ion result into a small additional correction of about -0.09 eV. Finally, the relaxation of the singly occupied Zn t 2 or e WO where the hole itself resides brings an extra correction of -0.25 eV.
As illustrated in Table I , the short-range relaxation effects are nearly the same for the Zn t 2 and e (N −1) states. This is due to the very compact nature of the Zn 3d orbitals. This compact character of the Zn 3d orbitals is also the reason for a crystal field splitting that amounts to only 0.01 eV. Correlation effects beyond relaxation and polarization actually enhance the crystal field splitting to about 0.1 eV, see Section IV. B. 3. The small value of the Zn t 2 -e splitting is consistent with the experimental findings, i.e., no splitting of the peak corresponding to the Zn 3d semicore states is observed in the x-ray photoelectron spectrum of ZnS 15,82 .
In the calculations above, we constructed the relaxed ROHF wave functions |Φ The corrections to the frozen orbital (Koopmans') ionization energies due to on-site or-bital relaxation turn out to be substantial, 0.85-1.30 eV, for the S 3p and 3s hole states, see second and third columns in Table I . As expected, the net effect of the orbital relaxation is larger for the S 3s hole states due to the fact that all six electrons in the polarizable S 3p shell are readjusting.
The orbital relaxation and polarization effects at the NN Zn sites give rise to an additional moderate correction of about -0.12 eV, see fourth row in Table I Basis set effects were found to be negligibly small, less than 0.005 eV, from additional It is interesting to consider the relaxation and polarization effects at two NNN S sites which lie with respect to each other at a distance larger than 3.829Å. In the crystal structure of c-ZnS, this distance is either 5. Overall contributions due to charge relaxation at three NNN S sites with distances between any two of them larger than 3.829Å are not explicitly computed. Following a similar line of reasoning as for the charge relaxation at two NNN S sites, those contributions are expected to be about -0.3 eV.
Finally, there is an additional contribution due to the relaxation of the orbital hosting the hole of -0.1 eV, see Table I . Summing up the on-site and short-range relaxation and polarization contributions, we obtain an overall correlation-induced shift of the S 3p valence bands of -2.30 eV.
Short-range relaxation and polarization effects on the low-lying conduction Zn 4s, 4p band states
In the following, we focus on the relaxation and short-range polarization effects on the diagonal matrix elements for the low-energy Zn 4s, 4p (N+1) states. These electron-addition states are associated with configurations with an extra electron into the Zn 4s-like or Zn Table II , first row. This small correction to the diagonal matrix elements for the Zn 4s, 4p (N +1) states is consistent with the core-like character of the valence Zn 3s, 3p, and 3d orbitals, and the small polarizability of the Zn 2+ ion. Relaxation and polarization effects at the NN sulphur ions contribute to a downward shift of about 0.8-0.9 eV for the Zn 4s and 4p conduction bands, see Table II . Orbital relaxation at the NNN Zn sites brings an additional small downward shift of about 0.07 eV of the center of gravity of the bands.
In contrast to the S 3s, 3p and Zn 3d (N−1) states, where the WO's hosting the hole did not delocalize during the SCF optimization, for the Zn 4s and 4p (N +1) states, the localization of the extra electron in the Zn 4s-like or Zn 4p-like orbitals could not be maintained even by freezing higher-energy s and p virtual orbitals at the nearest S and Zn sites. This particular effect is therefore neglected for the conduction-band states.
Long-range polarization effects
An important contribution to the shift of the center of gravity of the energy bands and hence to the reduction of the HF gap comes from long-range polarization effects. To obtain an estimate of the long-range polarization effects, we compute the classical polarization energy of a dielectric medium outside a sphere of radius R beyond which the dielectric response of the crystal reaches its asymptotic value ǫ 0 2 :
The dielectric continuum approximation is a well suited approximation for the evaluation of long-range polarization effects beyond a given R, since the interaction of the extra charge with the surroundings beyond the radius R has predominantly electrostatic character, see, e.g., Refs. 61,62. We make use of the static dielectric constant ǫ 0 =8.34 deduced by Hattori et al. 83 from optical data. Corrections of few eV were found to the diagonal matrix elements for the valence-and conduction-band states. Those corrections are included in Tables I and   II The long-range polarization contributions caused by an extra charge in the conduction or valence bands of an insulator may be taken beyond a certain radius R to be symmetric, since the polarizing charges have the same absolute value. This does not hold for the short-range relaxation and polarization contributions (see Tables I and II) because at short distances the associated charge distribution and polarization can not be approximated by that of a dielectric continuum. In order to understand the net results reported here for the loss of ground-state correlations, some technical explanations are required without which the paper is not self-contained.
They are found in Appendix B and should enable the reader to repeat calculations of the type presented here.
Overall correlation-induced corrections to the band energies
Summing up all relevant correlation-induced corrections to the diagonal matrix elements for the valence-band states, the average energy position of the Zn 3d semicore states relative to the top of the valence S 3p bands at the Γ point is found to be -8.91-9.01 eV, in very good agreement with experimental values of -8.97 and -9.03 eV extracted from valence-band x-ray photoemission 15 .
The overall effect of the correlation-induced corrections considered in the current study to the fundamental gap is a reduction of the HF value from 10.96 eV to 5.49 eV, which is still 1.69 eV larger than the experimental estimate of 3.83 eV 80 . We do not expect that more sophisticated basis sets would significantly affect those quantities.
C. Off-diagonal matrix elements of the local effective Hamiltonian
In the following paragraphs, we consider the correlation-induced corrections to the band widths. To obtain these corrections, the off-diagonal matrix elements of the effective Hamiltonian in Eq. (4) are explicitly computed. We apply thereby the computational approach To construct the correlated energy bands ǫ kµσ and ǫ kνσ , one can opt for diagonalizing a k-dependent matrix like that in Eq. (4), which contains the Hamiltonian and overlap matrix elements between the non-orthogonal, correlated wave functions |Φ
An alternative route is based on deriving from the initial inter-site Hamiltonian and overlap matrix elements a set of effective hopping integrals for an orthogonal tight-binding-like formulation. In the latter approach, the effective hopping terms can be directly compared with the HF hoppings which offers a better insight into the effect of correlations on the electronic band structure.
For mutually non-orthogonal electron-removal states with different binding energies, i.e., H 0,m ′ m ′ = H R I ,mm and S R I ,mm ′ = 0, the hopping terms read
An analogous expression holds for t nn ′ (R I ). △E denotes here the energy separation between the two eigenstates of the 2 x 2 non-orthogonal CI (NOCI) secular problem 85 . Equivalently, the effective hopping term can also be written as: 0m ′ σ ′ : the Zn and S valence orbitals within the NN region of the S site hosting the hole are polarized toward the positive charge at this site which leads to a larger intersite orbital overlap. Analogous trend is observed for the valence-band N 2s, 2p hole states in the more covalent semiconductor zinc-blende BN 62 . Because of the rather localized nature of the valence-band hole states, the effective hopping matrix elements decay fast with the distance R I . We found the NNN hopping terms to be an order of magnitude smaller than the NN matrix elements, see Table III . The small variations in the effective hopping integrals due to short-range relaxation effects lead to a small broadening of the valence S 3s, 3p bands.
To determine the role of correlation effects beyond relaxation and polarization on the hopping matrix elements, we performed exploratory FO-SDCI calculations. As discussed in Section II, the single-particle excitations around the WO accommodating the hole describe short-range relaxation and polarization effects, whereas the two-particle excitations account for correlation effects beyond relaxation and polarization. As for the case of diagonal matrix elements, we constructed CI wave functions with single and double excitations from the 3s and 3p WO's of the active S sites. We found that the FO-SDCI treatment leads only to small variations of the NN effective valence-band hoppings of about 0.01 eV. A similar trend was observed for the valence-band N 2s, 2p hole states in zinc-blende BN 62 . The effect of long-range polarization on the off-diagonal matrix elements is not explicitly considered.
This effect, however, is expected to be negligible.
The semicore Zn 3d bands exhibit very small dispersion, as inferred from both We used the 86-311G basis for the S ions and the 86-4111d41G basis for the Zn ions.
Results from both FOCI and NOCI calculations are summarized in Table IV arising from the relaxation of the orbital hosting the added electron are difficult to compute explicitly because the orbital could not be restrained from delocalizing over other cluster sites in the SCF orbital relaxation. Such an effect, however, is expected to be of the same order of magnitude, 0.01 eV, as that obtained for the ionized S 3s and 3p states. To summarize, the overall corrections for the intersite interactions due to the short-range polarization cloud around the added electron are found to be small, of the order of 0.01 eV.
This outcome is similar to our finding for the s and p-derived conduction bands in MgO x,x + O(NNN) + ... 61, 62 , where E (000)
x,x is a diagonal matrix element and t x,x (see Table III 
V. CONCLUSIONS
We have presented a detailed study of the valence-and low-lying conduction bands of zincblende c-ZnS. We have put thereby special emphasis on the "semicore" Zn 3d band states.
The starting point in the study was a HF bandstructure. Correlation-induced corrections to it were computed based on a local Hamiltonian approach and a quasiparticle approximation.
The aim of our investigation was to demonstrate that wave-function-based methods are able to deal in an ab initio manner with the topic of band structures without compromising on the infinite range of the correlation holes. This is important here, since an added electron In summary, we may state that wave-function-based calculations of energy bands as performed in the present study provide a promising approach, which is free of any uncontrolled approximations and arbitrariness. They deserve continuing attention.
Appendix A: 86-4111d311G basis sets for Zn. The SDCI correlation energy for the N-electron state is found to be -22.56 eV. This correlation energy is partitioned into contributions of excited internal, singly external, and doubly external configurations. The notation for the different configurations follows that by Werner and Knowles in Ref. 69 . The excited singly external configurations arise from one-particle and semi-internal two-particle excitations from occupied to virtual (external) orbitals. The semi-internal two-particle excitations are two-particle excitations under the constraint that exactly one electron is excited from a singly or doubly occupied orbital to an external orbital. The excited doubly external configurations result from external two-particle excitations where both electrons are promoted to virtual orbitals. The external two-particle excitations contribute with -22.53 eV to the total correlation energy for the N-electron The correlation contribution of -0.26 eV is thus mainly related to configurations with an altered occupation of the 3d hole orbitals. Therefore, the loss of ground-state correlations may be deduced by comparing only the correlation contributions due to excited doubly external configurations for the 3d (N −1) states and for the N-electron ground state. The corrections to the diagonal matrix elements due to this effect shift the Zn 3d t 2 and 3d e bands downward by 1.60 and 1.46 eV, respectively (see Table I ). configurations. We found a correction of 0.82 eV to the S 3p band states, see Table I .
The loss of ground-state correlations for the S 3s hole state is difficult to compute because maintaining the hole in the S 3s orbital in all configurations of the SDCI wave function is technically impossible. We calculated the associated correction by using only the correlation contribution of the excited doubly external configurations in the wave function |Ψ N −1 R I mσ of the S 3s hole state. The correlation contribution resulting from excited singly external configurations is largely due to semi-internal two-particle excitations which involve the S 3s and S 3p orbitals and lead to a doubly occupied S 3s orbital. It amounts to about -2. The SDCI wave function constructed in this manner incorporates correlation contributions of external one-and two-particle excitations involving electrons or electron pairs from the doubly occupied orbitals as well as contributions of internal excitations and semi-internal two-particle excitations for which an electron is promoted from a doubly occupied orbital to the Zn 4s or 4p orbital.
To evaluate the loss of ground-state correlations, we used the total SDCI correlation 
